1. Introduction {#sec1}
===============

Macrophages have remarkable plasticity in physiology and change their phenotype in response to the environmental cues, resulting in the generation of various populations with different biological functions. It has been recognized that there are, at least, two phenotypes of macrophages, so-called M1 and M2. M1 macrophages with classically proinflammatory functions are typically present in inflammatory reactions and pathogen defense [@bib1], [@bib2], [@bib3]. Generally, M1 macrophages produce interleukin (IL)-12, IL-23, inducible nitric oxide synthase (iNOS), toxic reactive oxygen, nitric oxygen intermediates, and inflammatory cytokines, such as IL-1β, IL-6, and tumor necrosis factor (TNF)-α. On the other hand, M2 macrophages with alternative non-inflammatory functions promote the responses of type 2 helper T cells associated with tumor progression [@bib2], parasite infections, tissue repair [@bib3], [@bib4], and debris removal [@bib4], [@bib5], [@bib6], [@bib7]. M2 macrophages produce IL-10, high levels of scavenger, mannose, and galactose receptor, and arginase in the place of arginine [@bib4], subsequently producing ornithine and polyamines.

The concepts and paradigm of macrophages polarization into M1 and M2 phenotypes have been noted in terms of inflammatory host responses to pathogens and cancer [@bib3], [@bib4], [@bib8]. The macrophages phenotype also modifies the host response in disease pathogenesis, tissue injury, and the implantation of biomaterials [@bib9]. The findings give us an idea that the inflammatory host responses may be modified by changing the macrophage phenotype.

Peroxisome proliferator-activated receptor γ (PPARγ) is one of the key factors to modify the M1/M2 phenotype ratio [@bib10], [@bib11], [@bib12]. It is demonstrated that the activation of PPARγ potentiates the polarization of circulating monocytes to macrophages of M2 type and reduces the functions of M1 macrophages, attenuating macrophages-induced inflammatory reactions [@bib13]. Among the PPARγ activators, pioglitazone is commercially available, and well-known as an agonist for PPARγ and a modulator of inflammatory responses [@bib14]. The biological function has been demonstrated in *in* *vitro* cell culture systems. However, the biological function for macrophages phenotype is not always expected *in* *vivo* because of the in-stability. As one trial to tackle this issue, the local controlled release is promising by making use of drug delivery system (DDS) technology.

Poly (L-lactic-co-glycolic acid) (PLGA), a copolymer of poly ([l]{.smallcaps}-lactic acid) (PLA) and poly (glycolic acid) (PGA), has been intensively investigated for the delivery carrier of drugs [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20]. With the degradation, [l]{.smallcaps}-lactic acid and glycolic acid of final products are generated and both biologically metabolized by the surrounding cells through normal metabolic pathways [@bib21]. The cytotoxicity has been clinically confirmed. The biocompatibility, low toxicity, and drug encapsulation capabilities of PLGA are suitable for the matrix materials of DDS [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20]. Based on this, several researches using PLGA have been reported on the DDS applications [@bib16], [@bib22], [@bib23], [@bib24], [@bib25].

The objective of this study is to enhance the effect of pioglitazone to modify macrophages phenotype for M2 macrophages by utilizing drug delivery technology. In this study, PLGA microspheres incorporating pioglitazone (pio-MS) with different sizes were prepared for the sustained release of pioglitazone. Moreover, mouse bone marrow-derived macrophages (BMDM) were cultured with the pio-MS to evaluate the anti-inflammatory polarization effect on the BMDM.

2. Materials {#sec2}
============

2.1. Materials {#sec2.1}
--------------

Pioglitazone was purchased from LKT Laboratories, Inc., St. Paul, MN. Poly (L-lactic (LA) -co-glycolic acid (GA)) (PLGA) (weight averaged molecular weight 20,000, LA and GA component ratio 1 : 1) and NH~4~Cl were purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan. Dichloromethane, sodium lauryl sulfate, NaHCO~3~, EDTA and penicillin-streptomycin were purchased from Nacalai Tesque, Inc., Kyoto, Japan. Poly (vinyl alcohol) (PVA) (polymerization degree = 1,000, saponification degree = 86--90%) was kindly supplied from Japan Vam & Poval Co. Ltd., Osaka, Japan. Phosphate buffered-saline solution (PBS) was purchased from Nissui Pharmaceutical Co. Ltd., Tokyo, Japan.

2.2. Preparation of PLGA microspheres incorporating pioglitazone (pio-MS) {#sec2.2}
-------------------------------------------------------------------------

Pioglitazone (5 mg) was dissolved in 3 ml of dichloromethane by stirring 1 hr at 50 °C. PLGA (100 mg) was dissolved in the pioglitazone solution. The resulting solution (RS) was poured into PVA aqueous solution (pio-MS0.5, pio-MS21 : 1.5 ml of RS in 20 ml of 2 wt% PVA aqueous solution, pio-MS40, pio-MS190, MS40 : 3 ml of RS in 300 ml of 0.3 wt% PVA aqueous solution). For the preparation of microspheres with a diameter less than 1 μm, the solution mixture (21.5 ml) was sonicated for 60 sec using a UD-21P ultrasonic generator (Tomy Seiko Co. Ltd., Tokyo, Japan). The emulsion of pioglitazone/PLGA solution in PVA solution was stirred (pio-MS0.5, pio-MS21 : 1000 rpm, pio-MS40, MS40 : 370 rpm, pio-MS190 : 180 rpm) at 25 °C overnight until dichloromethane was completely evaporated. By changing the stirring rate, four types of microspheres (pio-MS) with different sizes were prepared. The pio-MS prepared were washed several times with double-distilled water (DDW) by centrifugation (5000 rpm, 10 min, 4 °C) and freeze-dried to obtain pio-MS. The pio-MS were resolved in dichloromethane, and mixed with PBS followed by a vigorous shaking to allow pioglitazone to extract into PBS phase. The drug concentration of PBS was determined by high performance liquid chromatography (HPLC; Prominence, Shimazu Corp., Kyoto, Japan) equipped with one pump, an auto sampler, and an ultra violet (UV) detector. A calibration curve was prepared for determined amount of pioglitazone based on the UV absorbance peak area at 266 nm. The calibration curve was used to estimate the amount of pioglitazone incorporated.

The size of pio-MS was evaluated by observing with optical microscopy (BZ-X710, KEYENCE, Osaka, Japan) or scanning electron microscopy (SEM) (SU-3500, Hitachi Ltd., Tokyo, Japan). For the SEM observation, microspheres were fixed on an aluminum support with carbon-adhesive glue and coated with a thick coating of gold palladium (JSM 6701F; JEOL, Tokyo, Japan).

2.3. *In vitro* release test of pioglitazone from pio-MS incorporating pioglitazone {#sec2.3}
-----------------------------------------------------------------------------------

The pioglitazone release profiles from pio-MS were evaluated *in* *vitro*. Pio-MS were incubated and gently shaken in a tube containing 1.0 ml of PBS containing 1 wt% of sodium lauryl sulfate at 37 °C. PBS was collected at different time intervals, and the concentration of pioglitazone in the PBS was determined by HPLC equipped with one pump, an auto sampler, and an UV detector. A calibration curve was prepared for determined amount of pioglitazone based on the UV absorbance peak area at 266 nm. The calibration curve was used to estimate the amount of pioglitazone released. The pioglitazone release profile was calculated as follows: (cumulative amount of pioglitazone released)/(total released pioglitazone) × 100.

2.4. Preparation of mouse bone marrow-derived macrophages {#sec2.4}
---------------------------------------------------------

All animal experiments were carried out in accordance with procedures approved by the Animal Experimentation Committee of Institute for Frontier Life and Medical Sciences, Kyoto University. Macrophages were harvested from the bone marrows of 7-week-old female C57BL/6n mice according to the protocol previously reported with slight modifications [@bib26]. In brief, bone marrow cells were collected from the femurs and tibias of mice by flushing with PBS using a 10 ml syringe with a 27-gauge needle. After removal of red blood cells with red blood cell lysis buffer (4.15 g of NH~4~Cl, 0.5 g of NaHCO~3~ and 0.0186 g of EDTA were dissolved), the bone marrow cell suspension was cultured in Iscove\'s modified Dulbecco\'s medium (IMDM) (Thermo Fisher Scientific, Rockford, IL) supplemented with 20 vol % fetal bovine serum (FBS) (HyClone Laboratories, South Logan, UT), 50 ng/ml recombinant mouse macrophage colony stimulating factor (M-CSF) (BioLegend, San Diego, CA), and 1 wt% penicillin-streptomycin. After 3 days culture, penicillin-streptomycin was removed from the medium, and after further 6 days culture, the cells were used as bone marrow-derived macrophages (BMDM) in the subsequent experiments.

2.5. Evaluation of arginase activity and IL-10 secretion for BMDM cultured with free pioglitazone and microspheres {#sec2.5}
------------------------------------------------------------------------------------------------------------------

BMDM (3 × 10^5^ cells/well) were seeded on conventional 12-well multi-dish culture plates (Corning Inc., Kennebunk, ME) and cultured for 24 hr with a culture medium composed of IMDM supplemented with 20% FBS and 50 ng/ml M-CSF followed by replacement of medium in which pio-MS, pioglitazone dissolved in dimethyl sulfoxide, PLGA microspheres (MS40) or the mixture of pioglitazone and MS40 were suspended and cultured for 48 hr. Then, the cells were used to evaluate the arginase activity by Arginase Assay Kit (BioAssay Systems, Hayward, CA) and the culture supernatants were collected to evaluate the level of secreted interleukin-10 (IL-10) by enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Inc., Minneapolis, MN).

2.6. Real-time qPCR {#sec2.6}
-------------------

For real-time qPCR, total RNA was extracted from BMDM cultured with pio-MS, pioglitazone, MS or mixture of pioglitazone and MS in the above-described method with RNeasy mini kit (Takara Bio Inc., Shiga, Japan). The reverse transcription (RT) reaction was carried out using SuperScript VILO (Thermo Fisher Scientific, Rockford, IL), and the following primers were used to amplify the target genes: PPARγ forward: 5′-ATCTACACGATGCTGGC-3′, reverse: 5′-GGATGTCCTCGATGGG-3'; STAT6 forward: 5′-TGA GGT GGG GAC CAG CCG G -3′,reverse: 5′-GTG ACC AGG ACA CAC AGC GG -3'; β-actin forward: 5′-TTTCCAGCCTTCCTTCTTGG-3′, reverse: 5′-TGGCATAGAGGTCTTTACGGATG-3'. Quantitative PCR was performed using an Applied Biosystems 7500 (Thermo Fisher Scientific, Rockford, IL). The expression levels of the target genes were standardized by β-actin.

2.7. Observation of macrophages by scanning electron microscopy {#sec2.7}
---------------------------------------------------------------

BMDM cultured with pio-MS, pioglitazone, MS or the mixture of pioglitazone and MS in the above-described method were washed with PBS and fixed with 2.5% glutaraldehyde in PBS at 4 °C for one night. SEM observation was performed on samples dried in a critical point with t-butyl alcohol and coated with a thin layer of gold-palladium.

2.8. Statistical analysis {#sec2.8}
-------------------------

All the data represented the results of three independent experiments. The data were expressed as the mean ± standard deviation (SD). The data were statistically analyzed by Tukey--Kramer paired comparison test. A p value of less than 0.05 was considered to be statistically significant.

3. Results {#sec3}
==========

3.1. Characteristics of PLGA microspheres incorporating pioglitazone {#sec3.1}
--------------------------------------------------------------------

[Table 1](#tbl1){ref-type="table"} summarizes the size of PLGA microspheres incorporating pioglitazone (pio-MS) and pioglitazone-free PLGA microspheres (MS). [Fig. 1](#fig1){ref-type="fig"} shows the scanning electron micrographs of pio-MS0.5, pio-MS21, pio-MS40, pio-MS190, and MS40. The drug loading efficiency was 5.1 ± 0.2 μg/mg MS, irrespective of the MS type. The microspheres were all spherical with a smooth surface, irrespective of the size.Table 1Characterization of PLGA microspheres incorporating pioglitazone.Table 1CodeAverage diameters (μm)pio-MS0.50.53 ± 0.26[a)](#tbl1fna){ref-type="table-fn"}pio-MS2121.0 ± 10.3pio-MS4040.5 ± 12.7pio-MS190190 ± 27.4MS40[b)](#tbl1fnb){ref-type="table-fn"}42.3 ± 9.29[^1][^2]Fig. 1Scanning electron micrographs of pio-MS0.5 (A), pio-MS21 (B), pio-MS40 (C), pio-MS190 (D), and MS40 (E).Fig. 1

3.2. Pioglitazone release profiles from pio-MS {#sec3.2}
----------------------------------------------

[Fig. 2](#fig2){ref-type="fig"} shows the time profile of pioglitazone release from pio-MS. Pioglitazone was released from every pio-MS, irrespective of the size. Pioglitazone was released from pio-MS faster as the size of pio-MS decreased.Fig. 2*In vitro* release profiles of pioglitazone from pio-MS0.5 (○), pio-MS21 (▵), pio-MS40 (□), and pio-MS190 (◊).Fig. 2

3.3. Arginase activity for BMDM cultured with free pioglitazone, pio-MS, MS40, the mixture of MS40 and free pioglitazone {#sec3.3}
------------------------------------------------------------------------------------------------------------------------

[Fig. 3](#fig3){ref-type="fig"}A shows the arginase activity for BMDM cultured with pioglitazone. The arginase was selected as one of M2 macrophage markers. The arginase activity did not change by increasing the amount of free pioglitazone added. [Fig. 3](#fig3){ref-type="fig"}B shows the arginase activity for BMDM cultured with pio-MS with different sizes. Pio-MS40 increased the arginase activity to a significant extent compared with free pioglitazone. Moreover, the arginase activity tended to increase by increasing the amount of pio-MS40 added ([Fig. 3](#fig3){ref-type="fig"}C). MS40 or the mixture of MS40 and pioglitazone did not increase the arginase activity ([Fig. 3](#fig3){ref-type="fig"}D).Fig. 3Arginase activity of BMDM 48 h after cultured with pioglitazone, pio-MS, MS40, and the mixture of MS40 and pioglitazone. BMDM were cultured with different amounts of free pioglitazone (A), pio-MS (2 mg) with different sizes (B), different amounts of pio-MS40 (C), and pio-MS40 (2 mg), MS40 (2 mg), MS40 (2 mg) + free pioglitazone (100 mg), and free pioglitazone (100 mg) (D). \*, p \< 0.05; significant difference between the two groups.Fig. 3

3.4. IL-10 secretion for BMDMs cultured with free pioglitazone, pio-MS, MS40, the mixture of MS40 and free pioglitazone {#sec3.4}
-----------------------------------------------------------------------------------------------------------------------

[Fig. 4](#fig4){ref-type="fig"}A shows the IL-10 secretion for BMDM cultured with pioglitazone. The IL-10 was used as another M2 macrophage marker. The IL-10 secretion decreased by increasing the amount of free pioglitazone added. [Fig. 4](#fig4){ref-type="fig"}B shows the secretion of IL-10 for BMDM cultured with pio-MS with different sizes. Pio-MS40 increased the secretion of IL-10 to a significant extent compared with other pio-MS. Moreover, the IL-10 secretion tended to increase by increasing the amount of pio-MS40 added ([Fig. 4](#fig4){ref-type="fig"}C). On the other hand, MS40 significantly increased the secretion of IL-10 although free pioglitazone and the mixture of MS40 and free pioglitazone did not increase the secretion of IL-10 ([Fig. 4](#fig4){ref-type="fig"}D).Fig. 4IL-10 amount of secreted from BMDM 48 hr after cultured with pioglitazone, pio-MS, MS40, and the mixture of MS40 and pioglitazone. BMDM were cultured with different amounts of free pioglitazone (A), pio-MS (2 mg) with different sizes (B), different amounts of pio-MS40 (C), and pio-MS40 (2 mg), MS40 (2 mg), MS40 (2 mg) + free pioglitazone (100 mg), and free pioglitazone (100 mg) (D). \*, p \< 0.05; significant difference between the two groups.Fig. 4

3.5. Effect of pio-MS on gene expression in BMDMs {#sec3.5}
-------------------------------------------------

When pioglitazone acts on the cell, PPARγ and STAT6 of intracellular signals are known to be up-regulated. In this study, their mRNA expression was examined to check whether or not pioglitazone is responded by the cell. [Fig. 5](#fig5){ref-type="fig"} shows the mRNA level of PPARγ and STAT6 for BMDMs cultured with pio-MS40, MS40, the mixture of MS40 and free pioglitazone, and free pioglitazone. As shown in [Fig. 5](#fig5){ref-type="fig"}B, pio-MS40, and the mixture of MS40 and free pioglitazone significantly increased the STAT6 expression.Fig. 5Gene expression of PPARγ (A) and STAT6 (B) for BMDM 48 hr after cultured with pio-MS40 (2 mg), MS40 (2 mg), MS40 (2 mg) + pioglitazone (100 mg) or pioglitazone (100 mg). \*, p \< 0.05; significant difference against the value of no MS.Fig. 5

3.6. Morphology of BMDMs after culture with pio-MS {#sec3.6}
--------------------------------------------------

[Fig. 6](#fig6){ref-type="fig"} shows the SEM photographs of BMDM 48 hr after cultured without MS, and with pio-MS0.5, pio-MS21, pio-MS40, and pio-MS190. For the pio-MS40 and pio-MS190, a lot of cells were adhered to the surface of microspheres. There was no significant difference in the number of cells adhered in unit surface between pio-MS40 and pio-MS190. On the other hand, the specific surface area of pio-MS40 was 5 times as large as that of pio-MS190 ([Table 2](#tbl2){ref-type="table"}).Fig. 6Scanning electron micrographs of BMDM 48 hr after cultured without MS (A), and with pio-MS0.5 (2 mg) (B), pio-MS21 (2 mg) (C), pio-MS40 (2 mg) (D), and pio-MS190 (2 mg) (E).Fig. 6Table 2Number of cells adhered on surface of BMDM 48 hr after culture with pio-MS40 and pio-MS190.Table 2CodeNumber of adhered cells on the microspheres surface (cells/mm^2^)Specific surface areapio-MS40115 ± 8.25[a)](#tbl2fna){ref-type="table-fn"}1pio-MS19084.2 ± 76.60.211[^3]

4. Discussion {#sec4}
=============

The present study demonstrates that PLGA microspheres incorporating pioglitazone with the diameter of 40 μm modified an anti-inflammatory function of macrophages. Pioglitazone was released with time from every pio-MS with different sizes and the pioglitazone release became faster as the size of pio-MS decreased ([Fig. 2](#fig2){ref-type="fig"}). This can be explained by terms of MS specific surface area. It is conceivable that the specific surface area of MS increased with a decrease in the MS size, leading to the enhanced surface to release out pioglitazone. The enhanced surface area would fasten the pioglitazone release.

To induce the phenotype modification of macrophages, we used the pioglitazone of a PPARγ agonist which has an ability to change the macrophages function. It is demonstrated that the activation of PPARγ signaling plays a protective role in the tissue remodeling and wound repair by reducing oxidative stress and inflammation [@bib27]. The local administration of rosiglitazone of another PPARγ agonist induced anti-inflammatory responses [@bib28] and increased the expression of M2-specific marker [@bib29]. Among the PPARγ agonists, pioglitazone is commercially available and one of the strong modulators for PPARγ. It has been clinically used as a diabetic\'s drug. Based on that, pioglitazone is a good candidate to experimentally confirm the function to modify the macrophages M1/M2 ratio aiming at the clinical application. The present study indicates that the PLGA microspheres incorporating pioglitazone enhanced an anti-inflammatory modification of macrophages phenotype.

To evaluate the effect of pioglitazone on the macrophage phenotype, BMDM were cultured with free pioglitazone to evaluate the arginase activity and the secretion of IL-10. Both the arginase activity and IL-10 are known as M2 macrophage markers. Free pioglitazone did not increase both the M2 macrophage markers. However, the IL-10 level decreased with an increase in pioglitazone concentration. The reason is not clear at present. On the other hand, the arginase activity and the secretion of IL-10 for BMDM were significantly increased by being cultured with pio-MS40. The mixture of free pioglitazone and MS40 did not affect the BMDM function, similarly to free pioglitazone and MS40. One point to be noted is that the arginase activity and IL-10 secretion for the control group varied from experiments to experiments. This may be due to the difference or variation in the nature of BMDM primarily isolated and prepared. The difference in the cell nature is often observed, especially for the cells isolated. However, in this study, the significant difference in the values between the experimental (pio-MS40) and control groups was reproducibly observed. This indicates that the pio-MS40 have an influence on the macrophages function. It is apparent from [Fig. 5](#fig5){ref-type="fig"} that pioglitazone increased the STAT6 gene expression, irrespective of the addition way of pioglitazone in the free or released type. It is reported that the STAT6 transcription factor is a facilitator of PPARγ-regulated gene expression in macrophages [@bib30]. This experimentally confirms that pioglitazone released functions PPARγ. Taken together, we can say with certainly that the sustained release of pioglitazone from PLGA microspheres was effective in promoting macrophage modification.

To consider the reason why the pio-MS40 had a positive influence on the M2 macrophages modification, SEM observation was carried out. As shown in [Fig. 6](#fig6){ref-type="fig"}B, the pio-MS0.5 were uptaken by macrophages. It is possible that an excessive uptake of microspheres physiologically weakens BMDM. On the other hand, a lot of macrophages adhered on the surface of pio-MS40 and pio-MS190 ([Fig. 6](#fig6){ref-type="fig"}D and E). No significant difference in the number of adhesive cells was observed for the two pio-MS ([Table 2](#tbl2){ref-type="table"}). However, the specific surface area of pio-MS40 adhering to cells was 5 times as large as that of pio-MS190. It means that pio-MS40 interact with cells more than pio-MS190. In addition, the morphology of cells was different on macrophages among pio-MS with different sizes. The change in the cell morphology may affect the macrophages response and functions. Moreover, the amount of pioglitazone released from the pio-MS40 was larger than that from the pio-MS190. The more interaction with BMDM and the larger and appropriate amount of pioglitazone released would permit the pio-MS40 to induce an anti-inflammatory phenotype of macrophages more effectively.

5. Conclusions {#sec5}
==============

Pioglitazone was released from pio-MS, although the release profile depended on the type of pio-MS. The pio-MS40 with 40 μm average diameters enhanced the arginase activity and IL-10 secretion for BMDM, which means the induction of an anti-inflammatory phenotype macrophages. The pio-MS40 were promising to induce an anti-inflammatory polarization in macrophages.
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[^1]: Average ± SD.

[^2]: Pioglitazone-free empty MS.

[^3]: Average ± SD.
